In prokaryotes, the ribosome-associated Trigger Factor is the first chaperone newly synthesized polypeptides encounter when they emerge from the ribosomal exit tunnel. The effects that Trigger Factor exerts on nascent polypeptides, however, remain unclear. Here we analyzed the potential of the Trigger Factor to shield nascent polypeptides at the ribosome. A set of arrested nascent polypeptides differing in origin, size, and folding status were synthesized in an Escherichia coli-based in vitro transcription/translation system and tested for sensitivity to degradation by the unspecific protease proteinase K. In the absence of Trigger Factor, nascent polypeptides exposed outside the ribosomal exit tunnel were rapidly degraded unless they were folded into a compact domain. The presence of Trigger Factor, as well as a Trigger Factor fragment lacking its peptidyl-prolyl isomerase domain, counteracted degradation of all unfolded nascent polypeptides tested. This protective function was specific for ribosome-tethered Trigger Factor, since neither non-ribosomal Trigger Factor nor the DnaK system, which cooperates with Trigger Factor in the folding process in vivo, revealed a comparable efficiency in protection. Furthermore, shielding by Trigger Factor was not restricted to short stretches of nascent chains but was evident for large, non-native nascent polypeptides exposing up to 41 kDa outside the ribosome. We suggest that Trigger Factor supports productive de novo folding by shielding nascent polypeptides on the ribosome thereby preventing untimely degradation or aggregation processes. This protected environment provided by Trigger Factor might be particularly important for large multidomain proteins to fold productively into their native states.
interacts co-translationally with nascent polypeptides (8, 9) . Downstream of TF, the DnaK-DnaJ-GrpE (referred to as KJE) and GroELGroES chaperone systems assist further folding steps to the native state (2, 10) . Together these chaperones form a folding network of considerable robustness. Thus, the lack of TF can be compensated by activity of the KJE system, while simultaneous deletion of dnaK and the TF encoding tig gene results in synthetic lethality at Ն30°C and massive protein aggregation (11) (12) (13) .
TF is a three-domain protein of 48 kDa that adopts an unusual extended conformation (Fig. 1A) (5, 14) . The N-terminal domain builds the "tail" of the molecule and harbors the "TF-signature motif," which mediates ribosome docking (4) . A peptidyl-prolyl cis/trans isomerase (PPIase) domain with structural homology to FK506-binding proteins (9, 16 ) is located at the other end of the molecule, forming the "head" of TF. The C-terminal domain of TF resides between the head and tail domains to build "back" and "arms" of TF. Recently, three different crystal structures of 50 S ribosomes in complex with the N-terminal ribosome-binding domain of TF were solved allowing for the modeling of the entire chaperone bound to the large ribosomal subunit (5-7). On one hand, these structural models consistently suggest that TF hunches over the ribosomal exit site (Fig. 1B ) thereby orienting its hydrophobic inner surface toward emerging nascent polypeptides. On the other hand, the models predict different volumes for the space formed by the ribosomal surface and the N-terminal tail and C-terminal arms of TF. While two models propose that this space resembles a cavity which is large enough to accommodate protein domains or small proteins of ϳ14 kDa or even larger (5, 6) , the third model suggests a rather narrow crevice more suitable to bind an unfolded polypeptide (7) . These contradictory models of the conformation of TF on the ribosome make it difficult to define a mechanism of action for TF and do not further clarify what effects TF exerts on nascent polypeptides. However, they imply that part of the intrinsic chaperone function of TF at the ribosome is to form a protective shield restricting the accessibility of nascent chains to the crowded cellular environment. Here we assign this basic shielding function to TF. Applying protease protection assays in an in vitro transcription/translation system we (i) probed for the proteolytic sensitivity of nascent polypeptides, (ii) examined the potential of TF to provide a protected environment for diverse nascent polypeptides differing in size and folding status, and (iii) analyzed whether the cooperating KJE chaperone system acting downstream of TF can substitute for TF in protecting nascent polypeptides from proteolytic degradation.
EXPERIMENTAL PROCEDURES
Cloning of Src Homology 3 (SH3) and m10 Constructs-To arrest SH3 and m10 domains at the ribosome, SH3 and m10 coding sequences lacking stop codons were fused at their 3Ј ends to a nucleotide sequence encoding a 41-aa linker that contained a flexible serine/glycine-rich region (GSGGGSG) and the SecM arrest sequence. SH3 and m10 domains were amplified from pBAT4 plasmids (17) by PCR using the primer NcoI-f (5Ј-GATATATCCATGGTTGATGAAACTGGAAAA-GAGC-3Ј), which introduced an additional gtt codon following the start codon, and the primer BamHI-r (5Ј-GCCAGAGCCACCGCCGGAT-CCATCTAGTTTTTTCACATAGGC-3Ј). The linker was amplified using pUC19StrepFtsQSecM (18) as template and primers BamHI-f (5Ј-GGATCCGGCGGTGGCTCTGGCTCTGAAAAGGGTTATCGCA-TTG-3Ј) and HindIII-r (5Ј-CGCCAAGCTTATCAATGCATCATCA-TCATC-3Ј). Resultant PCR products were utilized in two different fusion PCR reactions (either SH3 and linker or m10 and linker) with NcoI-f and HindIII-r as primers. Fusion products were digested with NcoI and HindIII and ligated into pBAT4, which had been cut with NcoI and HindIII to excise the SH3 insert, giving rise to the plasmids pBAT4-SH3-SecM and pBAT4-m10-SecM.
Plasmid pBAT4-m10-SecM was used to construct vectors coding for two to five m10 domains (with individual m10 domains separated by either a short GASS or a GSGS linker dependent on the restriction site introduced for cloning). Plasmid pBAT4-m10-SecM served as template in two different PCR reactions amplifying the m10 sequence (primers BamHI-f2 (5Ј-GCGGATCCGGCTCTATGGTTGATGAAAC-TGG-3Ј) and SacII-r (5Ј-GCCACCGCCCGCGGAATCTAGTTTTT-TCAC-3Ј)) or the SecM linker (primers SacII-f (5Ј-CTGGGTTC-CGCGGGCGGTGGCTCTGGCTCTG-3Ј) and HindIII-r). PCR products were digested with BamHI and SacII or SacII and HindIII, respectively, and ligated together into pBAT4-m10-SecM digested with BamHI and HindIII resulting in pBAT4 -2m10-SecM encoding for an m10 dimer.
Similarly, plasmid pBAT4-m10-SecM was used as template to amplify the m10 sequence using the primers BamHI-f2 and XhoI-r (5Ј-CGCTCGAGGCTCCATCTAGTTTTTTCAC-3Ј) or the primers XhoI-f (5Ј-GCCTCGAGCATGGTTGATGAAACTGG-3Ј) and SacII-r. PCR products were digested with BamHI and XhoI or XhoI and SacII, respectively, and both products were ligated into pBAT4 -2m10-SecM digested with BamHI and SacII giving rise to the pBAT4 -3m10-SecM plasmid containing three consecutive m10 sequences.
To generate plasmid pBAT4 -4m10-SecM, a sequence encoding two m10 domains was amplified using pBAT4 -2m10-SecM as template and XhoI-f and SacII-r as primers. The amplified product was digested with XhoI and SacII and ligated into the pBAT4 -3m10-SecM vector digested with XhoI and SacII.
The final plasmid pBAT4 -5m10-SecM encoding for a stalled m10 pentamer was constructed by cloning an additional m10 domain (amplified by PCR from pBAT4-m10-SecM with primers XhoI-f and XhoI-r and digested with XhoI) into the pBAT4 -4m10-SecM plasmid linearized with XhoI. A scheme of the resultant m10 constructs that can be generated from the depicted plasmids is shown in Fig. 1C .
Purification of Chaperones-C-terminally His-tagged TF, the NC fragment (19) , and mutant TF-FRK/AAA (4) were expressed from pDS56 plasmids (20) in MC4100 ⌬tig strains (11) and purified as described (19) . DnaK and DnaJ were purified according to published protocols (21, 22) . GrpE carrying a C-terminally fused His 6 -tag was expressed from plasmid pUHE in an MC4100 ⌬dnaK strain (23) and purified via nickel-nitrilotriacetic acid-agarose and anion exchange chromatography (ResourceQ6 column, Amersham Biosciences).
In Vitro Transcription/Translation (t/t) System-Translation extracts were prepared from an MC4100 ⌬tig (11) strain according to published protocols (24) and synthesis of arrested isocitrate dehydrogenase (ICDH) chains was performed as described (12) . Truncated mRNAs encoding the ICDH constructs of 11, 19, 32, 39, and 45 kDa were generated by supplementing the t/t system with RNaseH and antisense oligos 5Ј-CCGGAGTGGTCAGCGGACC-3Ј, 5Ј-CCCCCATC-TCTTCACGCAGG-3Ј, 5Ј-GGCGATAACATCATATTCAGCCGG-3Ј, 5Ј-AGCGGAGAGAATAATAGAGCC-3Ј, and 5Ј-TTACATGTT-TTCGATGATCGC-3Ј, respectively. SH3 and m10 constructs were expressed from the plasmids depicted above. Wild type (wt) and mutant L23 VSE/AAA ribosomes were purified as described below and added to the t/t system in a final concentration of 400 nM.
Ribosome Purification-wt ribosomes were purified from strain MC4100 ⌬tig (11), mutant VSE/AAA ribosomes from strain MC4100 ⌬tig⌬rplW expressing L23 VSE/AAA mutant protein upon isopropyl ␤-D-thiogalactopyranoside induction (4). Strains were grown at 37°C to an A 600 nm of 1.0 in LB medium (wt) or LB medium supplemented with 250 M isopropyl ␤-D-thiogalactopyranoside (VSE/AAA mutant), harvested by centrifugation, and resuspended in 1.5 ml/g wet pellet S30 buffer (50 mM triethanolamine (pH 8.0), 50 mM KOAc, 15 mM Mg(OAc) 2 , 1 mM dithiothreitol) supplemented with 1 mM phenylmeth- ylsulfonyl fluoride. After cell lysis by French press and removal of cell debris by centrifugation (2 times 30,000 ϫ g, 30 min, 4°C), cleared supernatants (concentration of KOAc adjusted to 1 M in a final volume of 15 ml) were loaded onto 45-ml high salt sucrose cushions (25% sucrose, 50 mM triethanolamine (pH 8.0), 1 M KOAc, 6 mM Mg(OAc) 2 , 4 mM ␤-mercaptoethanol). Ribosomes were pelleted by centrifugation (44,000 rpm, 4 h, 4°C) in a Ti45 rotor (Beckman), rinsed with S30 buffer and resuspended overnight on ice in S30 buffer. The high salt sucrose cushion centrifugation was repeated, and pelleted ribosomes were resuspended overnight on ice in storage buffer (50 mM triethanolamine (pH 8.0), 50 mM KOAc, 6 mM Mg(OAc) 2 , 4 mM ␤-mercaptoethanol), aliquotted, frozen in liquid nitrogen, and stored at Ϫ80°C.
Proteinase K Digests-Synthesis of [ 35 S]Methionine-labeled constructs in the in vitro t/t system was performed in the presence of chaperones or bovine serum albumin (BSA) added in concentrations of 5 M (BSA, TF, NC, TF-FRK/AAA, DnaK) and 1 M (DnaJ, GrpE). 15-20 min after initiation, translation was stopped with 2 mM chloramphenicol (arrested polypeptides) or 2 mM puromycin (released polypeptides), and subsequently proteinase K (PK) was added in a final concentration of 5 g/ml. In the experiment depicted in Fig. 5C , BSA and TF were not present during synthesis but added posttranslationally 5 min before PK. In co-translational PK digests, arrested ICDH or m10 dimer (2m10) were synthesized in the presence of 1 M TF, TF-FRK/AAA, or BSA, and PK was added during ongoing translation (8 min (ICDH) or 5 min (2m10) after initiation of expression) in final concentrations of 0.7 g/ml (ICDH) or 1 g/ml (2m10). Posttranslational digests were carried out on ice, co-translational digests at 37°C. Before (0 min), 2 min, and 4 min after the addition of PK, aliquots were taken, treated with 2 mM phenylmethylsulfonyl fluoride to inhibit PK, and loaded onto sucrose cushions (20% sucrose, 50 mM HEPES-KOH (pH 7.5), 100 mM KOAc, 10 mM Mg(OAc) 2 , 4 mM ␤-mercaptoethanol, 2 mM chloramphenicol, 2 mM phenylmethylsulfonyl fluoride; 2.5 volumes cushion per 1 volume of sample). Ribosome-nascent chain complexes were pelleted by centrifugation in a TLA-100 rotor (Beckman) at 74,000 rpm for 70 min at 4°C. Ribosomal pellets (arrested constructs) or supernatants (released constructs) were separated on Tricine gels, and 35 S-labeled polypeptides were visualized by autoradiography.
RESULTS
Trigger Factor Shields Nascent Polypeptides from Degradation-We investigated the potential of TF to shield nascent polypeptide chains by protease protection experiments in an in vitro transcription/translation system (t/t system) derived from Escherichia coli ⌬tig cells, which allows the controlled co-or posttranslational addition of TF and its mutant variants. [
35 S]Methionine-radiolabeled nascent chains derived from different model proteins were generated. One model protein was E. coli ICDH (417 aa, 46 kDa), a previously identified in vivo substrate of TF (12) , of which we synthesized a truncated construct (177 aa, 19 kDa). The conformation of this truncated ICDH version cannot be deduced from the known atomic structure of full-length ICDH (25) . To investigate substrates with defined structures, we generated nascent polypeptides derived from the SH3 domain of ␣-spectrin and its mutant variant m10. While wt SH3 folds into a small (62 aa, 7 kDa) globular ␤-sheet structure (26), m10 harbors two point mutations (W41G and W42V) that prevent native folding and instead generate a random coil structure (17) . To produce arrested SH3 and m10 polypeptides exposing the entire SH3 or m10 domains outside the ribosomal exit tunnel, we introduced a C-terminal 41-aa linker. This linker carried the SecM stalling sequence known to arrest translation and was long enough to extend through the entire length of the ribosomal peptide tunnel (27, 28) .
To probe for degradation of nascent chains, the model substrates were synthesized in the presence of TF or an equal concentration of BSA as control and the unspecific protease proteinase K was added after translation. In the absence of TF, the arrested SH3 domain showed significant resistance to proteinase K indicating that ribosome-tethered SH3 reaches a protease-resistant, folded state ( Fig. 2A, lanes 5 and 9) . In contrast, proteinase K treatment resulted in almost complete degradation of the arrested chains of m10 ( Fig. 2A, lanes 6 and 10) and ICDH (Fig. 2B, lanes 3 and 5) in the absence of TF, which suggests that truncated ICDH is not compactly folded. Thus our experimental setup allows to discriminate between folded and unfolded states of ribosomeassociated nascent chains.
The presence of TF, which was added prior to the start of protein synthesis in a concentration (5 M) sufficient to saturate ribosomes (400 nM), strongly reduced degradation of m10 and ICDH nascent chains by proteinase K (Fig. 2A, lanes 8 and 12; Fig. 2B, lanes 4 and 6) . This protection was not due to competition between TF and nascent chains for degradation by proteinase K, since (i) addition of BSA in the control reaction did not prevent degradation of nascent chains ( Fig. 2A, lanes 6  and 10; Fig. 2B, lanes 3 and 5) , and (ii) TF remained stable during proteinase K treatment (data not shown). Protection by TF was not dependent on the type of protease employed in our system, since TF also shielded ICDH (19 kDa) and m10 from proteolytic attack by trypsin (data not shown).
These results show that nascent chains exposed outside the ribosomal tunnel are highly sensitive to proteolysis unless they have a compact fold. Furthermore, they demonstrate that TF is capable of restricting the accessibility of non-native m10 (11 kDa) and ICDH (19 kDa) constructs. Assuming that 35 aa (4 kDa) of nascent chains are buried inside the ribosomal tunnel, TF protected polypeptides of 7 and 15 kDa, respectively.
Ribosome Attachment Is Prerequisite for the Shielding Function of TF-To determine whether the protective activity of TF requires its association with the ribosome, we employed a t/t system with ribosomes mutated in the L23-docking site of TF (L23-VSE/AAA) (4) and added the TF-FRK/AAA mutant protein, which is selectively defective in ribosome association (4) . Under these conditions the protective effect of TF was abolished for the arrested m10 and ICDH polypeptides as both constructs were efficiently degraded by proteinase K in the presence and absence of TF-FRK/AAA (Fig. 3A) . Furthermore, we tested whether TF protects newly synthesized proteins after their release from the ribosome. When non-arrested ICDH (19 kDa) and m10 domain (7 kDa, www.jbc.org lacking the linker with the SecM-arrest sequence) were produced in the presence of wt ribosomes and wt TF, TF failed to prevent the degradation of these soluble polypeptides by proteinase K (Fig. 3B) . We conclude that TF displayed its shielding effect solely for nascent chains still attached to ribosomes and that ribosome binding of TF was prerequisite for this protective function.
Trigger Factor Protects Large Nascent Polypeptides-We evaluated the size limits of the nascent polypeptides, which can be protected by TF. Of interest was to compare the functionality of full-length TF with a TF fragment (NC, Fig. 1A ) that lacks the PPIase domain, which is located distant to the ribosomal peptide tunnel exit (5, 19) . To generate nascent chains of varying length but unaltered folding status, we constructed genes encoding an m10 dimer (2m10, 19 kDa), trimer (3m10, 26 kDa), tetramer (4m10, 34 kDa), or pentamer (5m10, 41 kDa), each with the C-terminal SecM-arrest sequence and short linkers connecting the m10 domains (Fig. 1C) . The m10 variants were synthesized in the t/t system in the presence of BSA, TF, or the NC fragment of TF lacking the PPIase domain. Upon subsequent addition of proteinase K all m10 constructs synthesized in the presence of BSA were highly susceptible to degradation revealing faster degradation kinetics with increasing size (Fig. 4A, compare for example lanes 16, 19, 22, 25, and 28) . The presence of TF or NC retarded proteolysis of all m10 constructs tested. While TF and the NC fragment similarly left the majority of monomeric and dimeric m10 undigested after 2 min of proteinase K treatment (Fig. 4A,  lanes 17, 18, 20, and 21) , full-length TF was slightly more efficient in protecting larger nascent chains exposing more than 15 kDa outside the ribosomal tunnel (Fig. 4A, compare for example lanes 23 and 24) .
In similar experiments with arrested ICDH polypeptides of 19, 32, 39, and 45 kDa, TF and NC shielded all tested polypeptides from degradation by proteinase K as compared with the BSA control (Fig. 4B ). In the case of the ICDH constructs, degradation kinetics did not correlate with size suggesting different folds in the different truncations (Fig. 4B , compare lanes 13, 16, 19, and 22) . In this set of experiments, a contribution of the PPIase to the shielding activity of TF was detectable for the 32-and 39-kDa truncations but not for the 19-and 45-kDa constructs (Fig.  4B, These findings show that NC provides the major contribution to the shielding activity of TF, which is evident for large non-native nascent polypeptides exposing up to 41 kDa outside the ribosomal tunnel. 
TF Is Able to Protect Arrested Nascent Chains Co-and
Posttranslationally-In all experiments described above, proteinase K was added after translation. To confirm that TF shields nascent polypeptides during ongoing translation, we added proteinase K to our t/t system immediately after initiation of translation. In the absence of TF, proteinase K addition resulted in the rapid degradation of nascent m10 dimer and 19-kDa ICDH construct, since no accumulation of these products was observed in contrast to the control reactions lacking proteinase K (Fig. 5, A and B, compare lanes 2, 5, 8, and 11 with lanes 1, 4, 7,  and 10) . The presence of TF at a 2.5-fold molar excess over ribosomes, which closely resembles the molar ratio found in vivo, reduced proteolysis of both constructs as demonstrated by the accumulation of the arrested nascent chains over time (Fig. 5A, lanes 3, 6, 9, and 12) . Indirect chaperone effects of TF, such as a putative stabilization of translation factors, can be excluded as the protective effect was not observed when the binding of TF to ribosomes was impaired (Fig. 5B, lanes 3, 6, 9, and  12) . We conclude that TF provides a protected environment for nascent polypeptides during their ongoing synthesis.
Furthermore, we examined whether TF counteracts proteolysis when both TF and proteinase K are added after translation. Using monomeric and dimeric m10 as model substrates, no difference in the protection by co-or posttranslationally added TF was observed (Fig. 5C , compare lanes 6 and 8 and 10 and 12) indicating that TF productively re-associated with the ribosome-nascent chain complexes.
The DnaK System Cannot Efficiently Protect Nascent PolypeptidesThe DnaK chaperone compensates for the loss of TF activity in ⌬tig cells and shows enhanced association with nascent polypeptide chains in the absence of TF (11, 13) . This raises the question whether DnaK can directly substitute for TF in protecting nascent chains. To test the potential of the KJE system to protect nascent polypeptides, we supplemented our t/t system, which contained reduced levels of DnaK (0.5 M) and lacked DnaJ, with 5 M DnaK, 1 M DnaJ, and 1 M GrpE. In separate samples we added DnaK and DnaJ but omitted the GrpE nucleotide exchange factor, which traps DnaK-substrate complexes and thereby should enhance a potential protective effect of DnaK. This KJ trap was functionally active in the t/t system, since the addition of KJ completely prevented the folding of newly synthesized luciferase into its active state (data not shown).
In contrast to TF, KJE and KJ did not provide protection of nascent m10 constructs (Fig. 6A) . This failure was neither due to the lack of interaction between DnaK and m10 as demonstrated by cross-linking experiments nor to the inactivation of the KJE system by proteinase K (data not shown).
However, KJE and KJ protected nascent ICDH polypeptides of 11 and 19 kDa to some extent, whereby the KJ trap was slightly more efficient (Fig. 6B, e.g. compare lanes 19 and 20) . This protective effect was dependent on the length of the arrested ICDH polypeptide, with the best protection by KJE observed for the shortest (11 kDa) ICDH construct tested (Fig. 6B, lanes 27 and 28) . Importantly, in all cases tested, TF displayed over the entire time period analyzed a significantly higher capacity to protect nascent chains than KJE. Together these data indicate that KJE cannot fully substitute TF in shielding nascent polypeptides.
DISCUSSION
In this study, we analyzed the potential of TF to shield nascent polypeptides exposed at the ribosome by performing protease protection assays. To this end we synthesized nascent polypeptide chains differing in origin, size, and folding status using an in vitro transcription/ translation system and tested their susceptibility to proteinase K digest.
The set of stalled model substrates comprised a folded SH3 domain, random coil constructs exposing one to five m10 modules, different lengths of truncated ICDH chains (11-45 kDa) (Figs. 2-6 ), and 15-kDa constructs of pyruvate kinase and firefly luciferase (data not shown). While the folded SH3 domain remained proteinase K-resistant, unfolded nascent polypeptides were rapidly degraded upon proteinase K addition in our in vitro system lacking TF. In contrast, the presence of TF counteracted the proteolysis of all non-native arrested polypeptides tested. Consistent with the rapid mode of TF substrate binding and release, which is required for the efficient folding of proteins on the time scale of seconds up to minutes (29) , the protection provided by TF was transient in all cases tested.
The impairment of the ribosome binding of TF resulted in the loss of nascent polypeptide protection. Moreover, TF was unable to retard degradation of newly synthesized polypeptides released from the ribosome. Thus, TF displayed its shielding function only in its ribosome-bound state and specifically for nascent chains still connected to the peptidyltransferase center. This finding can be explained by the low affinity of TF for substrates in solution. The localization of TF next to the ribosomal polypeptide exit tunnel allows TF to associate much more efficiently with ribosome-tethered substrates. This assumption is consistent with earlier data showing that the chaperone function of TF in vivo requires its association with ribosomes (4). Interestingly, we observed a similar degree of protection irrespective whether TF was added co-or posttranslationally, which was tested for random coil constructs exposing up to 15 kDa outside the tunnel. This result indicates that TF can . In contrast to all other experiments, PK was added during ongoing translation of nascent 2m10 or 19-kDa ICDH where denoted. At the indicated time points after PK addition, translation and PK digest were stopped simultaneously, and the remaining arrested polypeptides were isolated. Full-length products are shown. C, BSA (5 M) and TF (5 M) were either added prior to translation (labeled with "co") of arrested m10 and 2m10 constructs or, different to all other experiments, after translation preceding PK addition (marked with "post"). PK digests were carried out as described in the legend to Fig. 2 ; full-length products are depicted.
productively re-associate with ribosomes carrying exposed nascent polypeptides in the size of protein domains and suggests that cycles of ribosome binding and release of TF are possible during ongoing translation. Such a TF cycling could be particularly important during the synthesis of multidomain proteins, which may require a repetitive chaperone action of TF for their productive de novo folding.
Analysis of the NC protein revealed that this TF fragment was able to protect all non-native constructs tested and that the PPIase domain of TF provides only a minor contribution to the shielding activity of TF. For example, TF and NC similarly protected nascent polypeptides of ICDH (19 kDa) and m10 (11 kDa) during proteinase K digestion. This is consistent with the observation that in vivo, the NC fragment substitutes for wt TF and efficiently prevents the aggregation of newly synthesized proteins (19, 30) . In contrast, the KJE chaperone system, which can compensate the lack of TF in vivo (11, 13) , could not protect nascent polypeptides to an extent comparable with TF. DnaK was not able to protect random coil m10 constructs or the 33-kDa ICDH construct and was clearly less efficient in protecting ICDH constructs of 11 and 19 kDa even when DnaK was artificially trapped in a substrate-bound state. However, the KJE system efficiently supported the folding of newly synthesized nascent polypeptides to their native states in the t/t system demonstrating the general functionality of this system under our assays conditions (data not shown). Thus, the shielding capability seems to be an intrinsic property of ribosome-bound TF and cannot be fully substituted by DnaK. In vivo, DnaK may compensate the loss of TF through its abilities to actively promote folding processes and to repair misfolded proteins (31) .
Investigating ICDH as a cytosolic E. coli protein, which is known to depend on TF for its productive folding in vivo (12), we found that TF protected all stalled nascent ICDH variants from degradation including the largest construct of 45 kDa, which covered almost the entire ICDH sequence. It is difficult to predict whether such large ICDH polypeptides already display significant secondary or tertiary structure, which may contribute to the protective TF effect we observed. Therefore we investigated artificial random coil m10 constructs that do not form any secondary structure. Again, TF shielded all tested m10 constructs exposing from 7 up to 37 kDa outside the ribosomal tunnel, whereby only in the case of the m10 monomer and dimer, which exposed up to 15 kDa outside the ribosome, the majority of full-length product remained undigested during proteinase K treatment. Interestingly, reducing TFribosome binding by utilizing mutant ribosomes (L23-VSE/AAA) in combination with wt TF, we observed differences between ICDH and m10 as model substrates. While TF still protected all ICDH constructs to some degree, TF was unable to counteract the degradation of the random coil m10 nascent chains (data not shown). These differences in protection may be explained by a stronger interaction of TF with its in vivo substrate ICDH compared with the artificial m10 construct.
Taken together, these data point out (i) that TF functions as a general protective shield for nascent polypeptides differing in size and folding status, wherein the degree of protection varies for different kinds of substrates and (ii) that the protection by TF is obviously not restricted to short stretches of nascent chains immediately adjacent to the tunnel exit but is evident for larger sized unfolded nascent polypeptides. How may TF accomplish its function as a protective shield? Two alternative mechanisms can be envisioned that are not mutually exclusive and may depend on the size and folding status of the particular nascent polypeptide. On one hand, TF may exert its protective function by binding to a small stretch within the unfolded nascent substrate, which is sufficient FIGURE 6. The KJE chaperone system cannot protect nascent polypeptides like TF. BSA (5 M), TF (5 M), the entire KJE system (5 M DnaK, 1 M DnaJ, and 1 M GrpE), or the KJ trap (5 M DnaK, 1 M DnaJ; see "Results" for details) were added prior to synthesis of m10 (A) and ICDH (B) derived nascent polypeptides. PK assays were performed as described (see Fig. 2 ). Note that the amounts of synthesized constructs were slightly increased in the presence of KJE and KJ trap for all m10 constructs (A, lanes 3 and 4, 7 and 8, and 11 and 12 ) and 11- kDa ICDH (B, lanes 3 and 4) . Boxed areas highlight the residual full-length nascent chains after 2 or 4 min of PK digest. Two prominent degradation intermediates generated by PK are indicated by asterisks (B). Bands running 30 kDa higher than the individual full-length products represent fulllength polypeptides attached to tRNA. www.jbc.org to transiently hinder the ability of the protease to attack the nascent substrate. On the other hand, based on our results, it is tempting to speculate that entire protein domains can be accommodated underneath the TF chaperone. This scenario would also permit the co-translational folding of nascent polypeptides in such a protected environment. However, our finding that TF was able to transiently shield nascent polypeptides exposing up to 37 or 41 kDa outside the ribosome raises the question of how such large proteins can be accommodated underneath TF. It is possible that the cavity formed between the ribosomal surface and the N-terminal tail and C-terminal arms of TF can adopt a significantly larger volume (Ͼ14 kDa) than originally anticipated based on the structural models (5) (6) (7) 15) . Another explanation is that large nascent polypeptides are incorporated underneath the entire TF molecule additionally involving the C-terminal region beyond the C-terminal arms and perhaps the PPIase domain. The latter assumption is supported by our observation that the slight contribution of the PPIase domain to the shielding effect of TF was more pronounced for m10 constructs exposing more than 15 kDa outside the ribosomal tunnel. By means of our protease protection assays, we are not yet able to discriminate between these alternative scenarios of how TF may function as a protective shield on the molecular level, and further experimental efforts will be required to clarify the detailed mechanism of TF action.
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